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Abstract
The Soil and Water Assessment Tool (SWAT) 
model is widely used worldwide to model 
erosion, sediment transport and sediment 
yields from catchments. SWAT requires 
non-trivial compilation and pre-processing 
of Digital Elevation Models, land use, soils, 
topography and climate input data. This 
paper discusses GIS challenges applying 
SWAT to predict national-scale sediment 
loads and concentrations in New Zealand 
rivers and streams. It concerns compulsory 
input data in SWAT, with an emphasis on 
freely available datasets. Limitations with New 
Zealand input datasets for SWAT modelling 
are identified, in light of the international 
SWAT literature. Key challenges include 
sourcing and processing GIS input data on 
stream networks, slope, soils and land use 
representing relevant erosion processes. A 
particular challenge is geo-synching with 
digital stream networks developed for other 
classification and modelling systems. 
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Introduction
Semi-distributed, process-based models that 
generate and route runoff and sediment at 
sub-event timescales offer several advantages 
over empirical mean annual sediment yield 

and routing models. The Soil and Water 
Assessment Tool (SWAT) is one such model 
that is in wide use internationally, and its root 
models have been applied in New Zealand to 
model sediments for decades. The theoretical 
documentation of the SWAT model erosion 
processes, including its detailed assumptions, 
formulations and algorithms, are given by 
Neitsch et al. (2005, 2011), and the input/
output documentation is given by Arnold  
et al. (2012). It is a public domain model and 
as such may be used, copied and modified 
freely. It is available in various GIS platforms 
(QSWAT, QSWAT+ and SWAT+ for QGIS; 
ArcSWAT for ArcGIS) and versions. The 
open-source policy and the ability to rapidly 
adapt input data into the model and to 
modify the generic model accordingly make 
SWAT an attractive choice for the user 
community. 

In overview, SWAT divides a catchment 
into subcatchments that are connected by 
a stream network. Each subcatchment is 
further subdivided into several hydrologic 
response units (HRUs), which are unique 
spatial units of soils, land use, and 
topography. SWAT uses the Curve Number 
method to estimate surface flow. Infiltration 
is calculated using several methods including 
the Green and Ampt infiltration method. 
Evapotranspiration is estimated using one 
of the Penman-Monteith, Hargreaves and 
Priestly-Taylor methods. The hydrologic 
processes are calculated from the initial 
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water content, daily precipitation, daily 
evapotranspiration, daily percolation and 
daily baseflow. Runoff estimates are reported 
to be good (e.g., Bokan, 2015). SWAT uses 
the Modified Universal Soil Loss Equation 
(MUSLE) to estimate soil loss by surficial 
erosion processes on a HRU scale. The 
eroded soil is assumed to be transported by 
overland flow into the stream network where 
it is routed downstream and augmented 
by channel erosion. In-stream sediment 
transport uses either the simplified Bagnold 
method with/without routing by particle 
size, Kodoatie method, Molinas and Wu 
method, or the Yang sand and gravel 
method. These methods can be applied 
for rivers of various bed materials (Neitsch 
et al., 2005, 2011). The generic SWAT 
model cannot realistically simulate sediment 
generation from gully erosion, landslides and 
mass wasting, so it may not be appropriate 
for use in New Zealand’s erosion-prone, 
hill-country catchments where erosion is 
dominated by mass movement processes 
(Dymond et al., 2016). However, SWAT can 
be modified to include additional erosion 
processes (e.g., Lu and Chiang, 2019, added 
landslide contributions to the sediment 
generation module). The ability to simulate 
in-stream water quality dynamics (e.g., 
suspended sediment concentration in storm 
runoff ) is a strength of SWAT (Gassman  
et al., 2007).

Gassman et al. (2007) give the SWAT 
development history from its various root 
models, including Groundwater Loading 
Effects of Agricultural Management Systems 
(GLEAMS), Chemical, Runoff and Erosion 
from Agricultural Management Systems 
(CREAMS), and the Erosion-Productivity 
Impact Calculator (EPIC) crop growth 
model. This development history represents 
four decades of effort by the United States 
Department of Agriculture (USDA) with 
over 30 years of joint use and applications by 
New Zealand and United States catchment 

modelling scientists. GLEAMS and its related 
family of models – Basin New Zealand, 
GLEAMSHELL, and the Watershed Analysis 
Model (WAM) (Cooper and Bottcher, 
1993; Bottcher et al., 1998) – have been 
used in many studies in New Zealand (see 
the summary table given in Parshotam and 
Robertson, 2018). Cooper et al. (1992) 
showed the potential of CREAMS as a runoff, 
sediment and nutrient management tool 
for New Zealand pastoral systems. WAM, 
developed from Basin New Zealand, has 
been applied in turn to various catchments 
in the United States (Bottcher and James, 
2014). GLEAMS was superseded by SWAT 
in other parts of the world in the mid-1990s, 
but continued being used extensively in New 
Zealand up to and including 2019 (e.g., Clay 
and Easton, 2019). There are summary lists 
of SWAT applications in various countries 
including Australia, where SWAT has been 
evaluated and shown to be promising (Saha 
and Zeleke, 2015). However, there have only 
been a handful of studies on the application 
of SWAT in New Zealand catchments, with 
fewer applying SWAT to modelling sediment 
transport. A modified SWAT model has been 
applied to predict daily sediment loads to 
streams at a subcatchment level with some 
degree of success (Me et al., 2015). Basher 
et al. (2019) consider GLEAMS one of the 
main models used to assess the effects of 
erosion and sediment control practices in 
New Zealand, alongside NZeem, USLE, 
CLUES and SedNetNZ. A major issue faced 
with applying SWAT and its root models in 
New Zealand is the acquisition, compiling 
and pre-processing of relevant input data. 

Input data to the SWAT model include:
(1) Elevation data – these data are used 
in model set up to delineate catchments, 
identify flow paths and define slopes, which 
are another key determinant of runoff 
potential; 
(2) Soil types – soil type is a key determinant 
of how well water infiltrates into the soil. 
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Poorly drained clay soils have low infiltration 
rates and thus high runoff potential; 
(3) Land use – land use impacts the manner 
in which water moves through the landscape, 
and different land uses (forested, agricultural, 
urban) produce different amounts of runoff; 
(4) Climate data – daily temperatures and 
the amounts and timing of precipitation are 
key drivers of many catchment processes, 
including crop growth and runoff; and 
(5) Land management actions – these 
include information about crop rotations, 
tillage and fertilizer application methods, 
and locations of intervention practices 
like wetlands and riparian buffers. The 
compulsory SWAT model input data giving 
full national coverage and considered in this 
paper are Digital Elevation Models (DEMs), 
digital stream networks (DNs), land cover 
spatial layers, soil type spatial layers, soil 
profile information, and meteorological data 
(rainfall, temperature, wind speed, relative 
humidity and solar radiation).

This paper presents experience gained 
from a national-scale SWAT application 
across New Zealand (SWAT-NZ), given in 
Parshotam (2018a-f ). Limitations with New 
Zealand input datasets for SWAT modelling 
are identified, in light of the international 
SWAT literature. Key challenges include 
sourcing/processing GIS input data on 
stream networks, slope, soils and land use 
representing relevant erosion processes. A 
particular challenge is geo-synching with 
digital stream networks developed for other 
classification and modelling systems. This 
paper does not provide a critical review of 
SWAT capabilities and accuracy in regard 
to simulating natural processes, nor does 
it make any comparison with alternative 
New Zealand sediment yield models that 
give national coverage, such as SedNetNZ 
(Dymond et al. 2016). The paper sets the 
scene for the use of SWAT in New Zealand 
for the foreseeable future. 

Delineating stream networks and 
defining catchments from DEMs
DEMs
The fundamental geospatial component of 
any distributed model that routes runoff 
is a hydrologically conditioned DEM 
(hydrologic DEM or hydro-DEM), which 
is a DEM whose flow direction defines the 
expected flow of water over a landscape; the 
flow pattern is important and not the actual 
elevation in the data. Hydrologic conditioning 
is the modification of a raw DEM through 
a series of GIS processing steps to more 
accurately represent the movement of water 
across the landscape. A hydro-DEM is used 
to produce a stream network and is often in 
development, requiring iterative automatic 
and manual procedures, often based on local 
knowledge. Several iterations are generally 
needed to achieve the final conditioned 
DEM primarily because altering the DEM in 
an upstream area modifies how water moves 
downstream. The procedures include filling 
spurious sinks or pits, breeching digital dams 
(roadbeds and bridges that block the modelled 
flow of water across the DEM), and enforcing 
drainage connections such as culverts, 
storm sewers and known tile drainage. 
Hydrologic enforcement (hydro-enforcement) 
of DEMs modifies the elevations of artificial 
impediments (such as road fills or railroad 
grades) to simulate how man-made drainage 
structures, such as culverts or bridges, allow 
continuous downslope flow. Hydrologic 
correcting of a DEM commonly means 
modifying a DEM with flow in mind. The 
hydrological properties of a DEM for SWAT 
modelling is not discussed in the SWAT 
literature, perhaps because SWAT does 
some partial hydrological conditioning of 
DEMs automatically using built-in TauDEM 
software. 
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DEM attributes for sediment modelling 
purposes
Semi-distributed models like SWAT have a 
series of lumped and distributed parameter 
inputs. These inputs are both averaged 
and specific by subcatchment, represent 
important features in a catchment, may not 
use a high spatial resolution and can take a 
while to run. Semi-distributed models need 
to be calibrated specific to the catchment. 
The gridded model in SWAT+ is fully 
distributed spatially and includes surface, 
lateral and groundwater fluxes in each grid 
cell of the catchment (Rathjens et al., 2015). 
These modelling approaches make better use 
of available DEMs. 

Several factors play an important role 
for the quality of DEM-derived products: 
interpolation algorithms, terrain analysis 
algorithms, grid resolution or pixel size, 
sampling density and terrain roughness. 
A common trap is to choose the highest 
resolution DEM that is available without 
considering the quality of the DEM and the 
process and purpose for creating it. High 
resolution LiDAR data, for example, is more 
important in some areas (e.g., flatter areas) 
than in others. 

Numerous studies have shown how 
the DEM resolution can affect modelled 
catchment characteristics and SWAT-
simulated stream flow and sediment 
concentrations. The DEM resolution affects 
important topographic derivatives such 
as slope, upstream contributing area, flow 
length and catchment area (Wu et al., 2008). 
The surface area of a catchment affects the 
volume of runoff generated from rainfall; the 
shape of a catchment influences the shape of 
its hydrograph; the length affects the travel 
time through a catchment. Buakhao and 
Kangrang (2016) showed how the resolution 
of the DEM impacts the estimation of 
physical characteristics of catchments. Their 
results showed that stream length, main 
channel slope, catchment area and catchment 

slope were significantly different when 
delineated using different DEM datasets. 
Nazari-Sharabian et al. (2020) investigated 
the impact of different DEM resolutions 
on the topological attributes, simulated 
runoff, and the sensitivity of SWAT runoff 
parameters. They demonstrated that in order 
to reduce computation time, researchers 
may use DEMs with coarser resolutions at 
the expense of minor decreases in accuracy. 
Zhang et al. (2014) showed that sediment 
yields were greatly affected by DEM 
resolution. Cotter et al. (2003) reported 
that DEM resolution was, in their study, the 
most critical input for a SWAT simulation 
and provided minimum DEM, land use 
and soil resolution recommendations to 
obtain accurate flow, sediment, nitrate and 
total phosphorus estimates. Di Luzio et al. 
(2005) found that DEM resolution was the 
most critical input for SWAT streamflow and 
sediment simulations; land use resolution 
effects were also significant, but the 
resolution of soil inputs was not. The vertical 
accuracy of a DEM also affects sediment 
yield estimates. Sharma and Tiwari (2014) 
showed, using SWAT, that the estimation of 
soil erosion potentials of a catchment using 
Shuttle Radar Topography Mission DEM 
(SRTM DEM) data vs contour-interpolated 
DEM (TOPO DEM) produce considerably 
different results and that the sediment yield 
is more sensitive than runoff to the choice  
of DEM.

Availability and importance of hydro-DEMs in 
New Zealand
Table 1 presents some DEMs commonly 
used in New Zealand that were created from 
contour maps (i.e., TOPO DEMs) and give 
national coverage. 

The NZ 8 m DEM (2012) was created 
by the interpolation of 20 m contours with 
post-processing and filtering. It is considered 
suitable for cartographic visualisation only. It 
is recommended here that this DEM is not 
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DEM Resolution
Organisation 

created by
Primarily 

built using
Availability References

NZ 8m DEM 
(2012)

8 m Originally by 
Geographx 

LINZ Topo50 
20 m contour 
data

Freely available from
https://data.linz.govt.nz/

NZSoSDEM 
(2011) 

15 m National 
School of 
Surveying, 
University of 
Otago

LINZ 
Topo 250 
interpolation/
assessment 

Freely available from 
https://koordinates.
com/

Columbus 
(2011),
Columbus  
et al. (2011)

NZDEM 25 m Landcare 
Research

LINZ Topo50 
20 m contour 
data, spot 
heights, lake 
shorelines and 
coastline.  

https://lris.scinfo.org.nz/ Barringer  
et al. (2002)

30 m NIWA NZMS260 
20 m contour 
data 

Not available Snelder and 
Biggs (2002)

Table 1 – New Zealand-wide TOPO DEMs. LINZ is Land Information New Zealand. 

used for terrain analysis that includes flowline 
features. 

NZSoSDEM (2011), created by the 
National School of Surveying, University 
of Otago, is a free and popular nationwide 
DEM (Columbus, 2011; Columbus et al., 
2011). NZSoSDEM uses Land Information 
New Zealand Topo250 topographic map 
series (containing contour lines and height 
points) and these were interpolated to 
create the DEM raster grid (TOPO DEM). 
NZSoSDEM was developed to accommodate 
the need for a transparent, free and publicly 
available DEM. ANUDEM, the topographic 
interpolator, was used to generate a 
‘hydrologically correct’ DEM by removing 
spurious sinks in the surface. SWAT also 
performs this step. 

Landcare Research and NIWA have DEMs 
primarily developed for their own use. There 
are various in-house variants and updates, 
including LiDAR-based hybrid versions. 

NZDEM was created using Landcare 
Research’s ‘in-house’ interpolation soft-
ware. Details including accuracy using 

LiDAR data and hydrological correction 
are given in Barringer et al. (2002). The 
emphasis in this DEM and its variants is 
primarily topographical correction and not 
hydrological correction, which is mostly 
done using hydrological tools within 
ArcGIS. NZDEM may be considered to 
be ‘partially’ hydrologically conditioned. A 
15 m resolution version has been used in the 
national extent erosion model NZeem (NZ 
Empirical Erosion Model), Highly Erodible 
Land (HEL) and SedNetNZ models. 

NIWA used a ‘hydrologically corrected’ 
30 m DEM, built from 20 m contour data 
from the NZMS260 (now superseded by 
NZTopo50) map series, to develop the 
original River Environment Classification 
(REC; Snelder and Biggs, 2002). The DEM 
was hydrologically corrected using the river 
lines from the NZMS260 maps as a guide. 
The river lines themselves had been manually 
corrected by hand by NIWA based on expert 
advice from representatives from regional 
authorities. The original REC was manually 
modified to account for water diversions 
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for hydroelectric power schemes. There are 
various in-house updates of the DEM with 
degrees of hydrological conditioning. A 
hybrid LiDAR DEM and NZSoSDEM at 
8 m pixels has been used to create the new 
DN3 digital network for NZWaM, a New 
Zealand Water Model (U. Shankar, NIWA, 
pers. comm.). 

To date, some LiDAR data are freely 
available in some regions. These are useful 
for producing catchment boundaries on 
flatter areas. Future 1 m Public Growth Fund 
(PGF) LiDAR DEMs in New Zealand are 
expected to cover the whole of New Zealand. 
Some regional councils have made versions of 
Hydrologically Enforced DEMs (HE-DEMs) 
freely available, on request. Preliminary use 
of Northland LiDAR DEM with SWAT is 
promising. 

SRTM DEM: 80m from the Global 
Shuttle Radar Topography Mapping 
Mission is also available and made available 
in many countries for SWAT modelling 
requiring national coverage. Global DEMs 
(GDEMs; such as ASTER) are used widely 
by the SWAT community and these too have 
national coverage. 

SWAT-NZ uses a circa 2014 version of a 
15 m NZDEM from Landcare Research.

Digital stream networks (DNs)
A DEM-generated digital stream network 
(DN) is a ‘virtual’, synthetic or ‘conceptual’ 
stream network (i.e. a model) derived from 
a DEM using one of a number of possible 
mathematical algorithms. It is not mapped as 
such (i.e., there may be no direct relationship 
between an actual stream and the modelled 
stream). Ideally, to verify its accuracy it 
should be compared with an actual mapped 
drainage network (perhaps from aerial 
photography), preferably statistically by 
comparing one network against another 
(not simply ‘spot checked’, as done e.g. by 
Lin et al., 2006). The actual stream network 
map, if it exists, is always the ‘gold standard’. 

Streams may be added if they are absent from 
the modelled stream network, but it is just 
as important that they should be removed if 
they are not present (e.g., in areas with highly 
porous soils where a stream network may not 
be derived from a DEM). Although one can 
use actual stream data to make corrections to 
the network, changes are more commonly 
made to the DEM. Having finer resolution 
DEMs (and therefore more detailed DNs) 
may not necessarily improve catchment load 
estimates and there are other factors (e.g., 
soils, surface, lateral, groundwater fluxes) that 
might be dominant in a catchment. Very fine 
networks, while they might look convincing, 
take a considerably long time to run if they 
involve process-based models. 

In SWAT, the DN can be built within from 
a DEM or an existing DN can be imported 
(after pre-processing) to force a particular 
flow path, and masking may also be used to 
consider only the area of interest. Importing 
an existing stream network, such as the digital 
network that underpins the REC and its later 
versions, saves having to find an appropriate 
hydro-DEM and, while not always ideal, is 
particularly useful to get the correct flow path 
through New Zealand lakes using SWAT. 

Caveats with DEM coverage involving masking
A mask may be created to mask out areas of a 
DEM and reduce the amount of processing, 
which may be useful for modelling large areas. 
When masking, it is necessary to consider the 
spatial coverage of soils and land cover layers 
before extracting catchment boundaries from 
a DEM. Soil spatial polygons from the New 
Zealand Fundamental Soils Layer (FSL) and 
spatial land cover data from the Land Cover 
Database (LCDB) were used in SWAT-NZ 
and these cause issues in the spatial overlay 
process within SWAT if used at the regional 
or national scale. For example, there are many 
areas around the coast and in estuaries where 
a catchment is extracted from the DEM 
but the FSL and LCDB lie inside that area.  
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Also, it is common for there to be no 
DEM data within estuaries. Adding to the 
problem, the LCDB gives a classification of 
‘estuary’ where the FSL classifies it as ‘water’. 
Therefore, it is advisable to use the spatial 
intersection of LCDB and FSL if masking 
the DEM within SWAT.  

Digital network generation, and the 
importance of area thresholds in SWAT
After flow direction and accumulation 
are calculated from the DEM, a drainage 
area threshold value is required for stream 
delineation. The threshold area used in SWAT 
watershed delineation affects the drainage 
density, HRUs, and ultimately the model 
performance. The threshold value defines the 
minimum drainage area required to form the 
origin of a stream (i.e., the initialisation of a 
stream segment). It is the minimum drainage 
area necessary to maintain the permanent 
existence of rivers, and it is used to determine 
statistical characteristics such as drainage 
density and morphology. Sometimes the 
best drainage area threshold can be derived 
from the actual stream density. Ågren 
and Lidberg (2019) show, for an example 
small catchment, that the best modelled 
stream channel network was generated by 
pre-processing the DEM, calculating the 
accumulated flow, and extracting a stream 
network using a drainage area threshold of 
2 ha. They used the Matthews Correlation 
Coefficient to compare stream networks. 

There is no simple and reasonable method 
to determine the drainage area threshold 
value, but it is related to subcatchment 
counts and drainage density and there are 
guidelines for choosing its value. The impacts 
of DEM resolution and area threshold 
value uncertainty on the drainage network 
derived using SWAT is discussed by Wu et al. 
(2017), who used a trial-and-error method to 
determine the actual drainage area threshold 
value based on the drainage density of the 
real drainage network. A drainage network 

can be extracted from a DEM in SWAT 
and subcatchment counts, maximum and 
minimum reach length and total length 
may be generated under different threshold 
values using multiple SWAT runs. The 
relation between the subcatchment counts 
and area threshold value obeys the form  
SC = a AT –b, where SC is the subcatchment 
count and AT is the area threshold value for 
a given DEM resolution. This equation, with 
estimated parameters a and b, is useful in 
SWAT-NZ to determine whether the number 
of catchments in a region would exceed the 
maximum allowable limit for the number of 
subcatchments in SWAT and for estimating 
computation times. The drainage network 
density, DD (km/km2) (i.e., the sum of 
stream lengths divided by catchment area), 
and the area threshold value, AT, also show 
the trend of a power function DD = c AT-d 
and the parameters c and d may be estimated 
by regression analysis to then allow the area 
threshold to be estimated from the drainage 
density. The theoretical foundation of these 
power relationships using fractal relationships 
is given by Nikora et al. (1996). In addition, 
the maximum reach length increases 
monotonically with area threshold. The larger 
the difference in elevation, the smaller the 
threshold value will be. The drainage density 
is also a function of DEM resolution. The 
effect of DEM resolution, source, resampling 
techniques and area threshold on SWAT 
outputs is discussed by Tan et al. (2018).

Imported DNs
It may be necessary to import the DN 
underpinning the REC, commonly used 
throughout New Zealand, and there may 
requests to deliver output that overlays the 
REC-DN. There are, however, issues in 
doing this. The stream network in SWAT-NZ 
(Parshotam, 2018c) is derived from a 15 m 
New Zealand DEM from Landcare Research 
while the DN2 underpinning the REC2 was 
derived from the NIWA’s 30 m DEM using 
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an alternative methodology. Some knowledge 
is required of imported DNs, particularly 
of how the DNs underpinning the REC 
are derived, caveats for importing these into 
SWAT, and how these widely used stream 
networks compare with networks created 
within SWAT. 

SWAT models generally create a stream 
network from the DEM by default using 
an arbitrary area threshold, an approach 
followed in New Zealand sediment models 
such as SedNET. For example, the drainage 
area threshold used to derive the SedNetNZ 
stream link network for the Waipa catchment 
for each stream link pixel was 1 km2 (Palmer 
et al., 2013), and this value enabled the 
identification of critical sediment source 
areas at a reasonably fine scale. Importing 
~600 000 DN2 segments into SWAT creates 
numerous computational difficulties. It 
is unreasonable to use this resolution if it 
is to involve process-based models. Some 
knowledge of what area threshold values were 
used to create the DN underpinning the REC 
is required. DN/DN1 is the digital network 
that underpins the original version of the 
REC. The stream network that underpins 
the second version (REC2; Snelder et al., 
2010) is known as the national Digital stream 
Network (DN2), which itself has multiple 
versions; version 5 (DN2v5) was used for the 
analysis in this work. DN2 was derived only 
once from an upgraded 30 m DEM and at the 
same threshold as DN1. Subsequent versions 
were corrections to the network resulting 
in re-routing where errors were found. The 
network was not re-derived from the DEM 
from scratch (U. Shankar, NIWA, pers. 
comm.). DN2 gives stream identification 
numbers for the corresponding/closest reach 
given in the DN1. Note that DN2 reaches 
are termed ‘segments’ to avoid confusion 
with DN1 reaches. DN3 is the latest version 
digital stream network; it uses some available 
1 m LiDAR DEM data and is better able to 

capture small headwater streams. A drainage 
area threshold of 10 ha is used to generate the 
DN3 (U. Shankar, NIWA, pers. comm.). For 
DN1, Snelder and Biggs (2002) report that 
the ‘minimum watershed area’ used to define 
a ‘section’ of a drainage network was 0.2 km2 
(20 ha), while Shankar et al. (2002) report 
that the derivation of the drainage network 
uses D-8 flow accumulation and catchment 
delineation techniques within ArcInfo. 

Figure 1 presents a random area in the Bay 
of Plenty region where the stream network 
was extracted in SWAT using Landcare 
Research’s 15 m NZDEM with a 20 ha area 
threshold overlaid onto the REC-DN2. The 
DN2 was not imported into SWAT. There are 
slight differences in the DN2 stream network 
and subcatchments and the SWAT-delineated 
stream network and subcatchments in this 
example. These differences may result from 
many causes, including different DEMs 
(and resolutions), algorithms used to extract 
the stream network, and manual editing 
of the DN2. On the whole, around New 
Zealand, visual inspection indicates no major 
differences in the two digital networks in 
most areas. 

The 20 ha area threshold assumed in DN2 
may be independently verified from multiple 
SWAT runs for a given DEM resolution (at 
15 m or resampled at 100 m for some regions) 
using a range of area thresholds. These runs 
generated power law relationships predicting 
subcatchment and drainage density from area 
threshold, which all showed R-squared (R2) 
values very close to 1. These relationships for 
given area thresholds produced catchment 
reach counts and/or drainage density 
results that best aligned with the regional 
values derived from the DN2. Note that 
the total catchment areas (i.e,. sum of all 
subcatchments) in the REC and NZ-SWAT 
are different: the DN2 assumes offshore 
islands in a region (e.g., Southland includes 
Stewart Island) but the SWAT-NZ model 



129

Figure 1 – A comparison between SWAT-extracted reaches (using a 20 ha area 
threshold from Landcare Research’s 15 m NZDEM) and REC-DN2 streams 
(‘nzRec2_v5 riverlines’), for a small random area in the Bay of Plenty.

only considers the 2018 regional council 
boundaries clipped to the coastline of the 
main two islands.

Caveats to importing DN2  
into SWAT
There are stream connectivity issues when 
importing DN2 into SWAT unless it is 
converted to a polyline shape file and burned 
into the DEM. This is not ideal because there 
is an issue with determining a reasonable and 
fixed DEM burn depth to cover large areas.

There is a general issue in SWAT and 
other hydrological models with dealing with 
‘remnant areas’, which occur along coasts 
where individual streams are too small for 
the given subdivision type. Remnants may 
be combined into a single unit if they are 
adjacent. These composite units are called 
‘frontal units’ and are non-classic because 
they have more than one outlet. SWAT+ 
makes the process of merging polygons easier. 

In the DN2, the number of streams and 
subcatchments in a region are identical. In 
SWAT, there may be a slightly higher number 
of streams than subcatchments.  

One further limitation when importing 
the DN2 into the DEM within ArcSWAT is 
that there are more than 500 000 reaches in 
the DN2, greater than the 50 000-row size 
limit allowable within ArcSWAT. Therefore, 
(1) stream burning may have to be done 
outside ArcSWAT and the results imported 
into ArcSWAT as a pre-processed DEM, or 
(2) individual regional SWAT models need to 
be developed to avoid exceeding the row size 
limit and with the added advantage of having 
input databases pertaining to the region. 

Overlaying SWAT sediment output on REC-
sourced DNs
An additional objective of SWAT-NZ was 
to align output results with DN2, which 
creates some potential technical issues. DN2 
segment (reach) numbers and SWAT reach 
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numbers may be corresponded by overlaying 
the SWAT-defined stream network onto the 
REC-delineated subcatchments within GIS 
to produce lookup tables of DN2 stream and 
SWAT-defined stream identification codes, 
with different tables produced for given area 
threshold values. These tables may be used to 
produce SWAT output data by DN2 segment 
(reach) identifiers. An approximate one-to-
one correspondence may be obtained when 
an area threshold of approximately 20 ha is 
used in SWAT. 

Figure 2 shows SWAT-delineated sub-
catchments overlaid onto DN2-delineated 
subcatchments for a random area in Taranaki. 
The SWAT-delineated subcatchments were 
derived by using a 100 m area threshold 
with the 15 m NZDEM. One observes 
that there could be from one to ten REC2 
subcatchments nested within a SWAT-
delineated subcatchment.

Another issue that occurs when overlaying 
SWAT-NZ output onto REC DNs is 
associated with differences in their respective 

Figure 2 – DN2-delineated subcatchments (nzRec2_v5 rec2ws) overlaid onto 
SWAT-delineated subcatchments derived from 15 m NZDEM using a 100 ha area 
threshold for a random area in Taranaki. 

reach numbering systems. The REC uses a 
‘regional’ numbering system, with the first 
digits of the REC reach identification number 
being the regional identification number; 
however, it is not always easy to determine 
the reach identification numbering pattern 
within a region, an artifact of the computer 
software and algorithms used at the time. 
The reach numbers in the REC and later 
versions have become ‘fixed’ in their usage. 
In practice, SWAT reach numbers are used 
when and as needed with the numbering 
an output of TauDEM reach extraction 
methods. These follow a clear pattern such 
as sequential numbering starting out from 
the northern most reaches, but the arbitrary 
numbering can depend on the number of 
micro-processors used, too. 

Catchment coding systems, such as the 
Pfafstetter Coding System used in Europe and 
the Hydrologic Unit Code (HUC) system 
of cataloguing developed by the United 
States Geological Survey, have considerable 
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practical use and should be considered for 
wider use in New Zealand. A national system 
of organising and numbering ‘watersheds’ 
of different sizes assists with interagency 
coordination, data collection and data 
organisation (USDA, 2015). 

The choice of an area threshold of 20 ha 
reported by Snelder and Biggs (2002) and 
subsequently used for the REC (Snelder et 
al., 2010, first reported 2004) for the whole 
of New Zealand depended on computational 
ability at the time. The total length of  
425 000 km of rivers and streams widely 
reported in New Zealand from around 
2006 onwards is computed from the DN 
underpinning the REC. It does not come 
directly from the NZMS260 map series (U. 
Shankar, NIWA, pers. comm.). The total 
stream length is a resolution-dependent 
fractal. If a drainage area threshold of 10 ha is 
used, as it is in the DN3, there will be a total 
of 600 000 km of rivers and streams in in 
the North and South Island of New Zealand 
estimated using a 100 m resampled 15 m 
NZDEM in NZ-SWAT and derived power 
relationships. There will be a negligible 
difference in the proportion of fourth order 
and higher streams that are required to meet 
the National Policy Statement for Freshwater 
Management.

Land use
SWAT works with land use, not land cover 
explicitly (but with land cover implicit in land 
use). The wide range of land uses/covers and 
their reclassification to SWAT model classes 
is given in the SWAT model documentation 
(e.g., Neitsch et al., 2011). Most data for 
various plant/crop species are not readily 
available in a summarised form in New 
Zealand for SWAT modelling and require 
collation. This process of collation and 
classifying raises issues about New Zealand 
land use/cover classification systems and how 
these compare to ones used internationally. 

Reclassification of New Zealand Land Cover 
Database (LCDB) classes to SWAT land  
use classes  
The New Zealand Land Cover Database 
(LCDB) is a land cover database obtained by 
satellite multi-spectral imagery but it is often 
used as a pseudo land use database. It is a 
thematic classification of New Zealand’s land 
cover. Proportions of various land cover areas 
in New Zealand may be used as a guide when 
reclassifying LCDB land cover classes to 
SWAT land use classes, using the full LCDB 
class descriptions (Table 2). Observing how 
land cover types in databases such as the 
United States 2016 National Land Cover 
Database (NLCD) have been reclassified 
and used in various SWAT modelling studies 
internationally is helpful. There are numerous 
SWAT studies that deal with modelling snow 
from hydrological perspectives (e.g., Grusson 
et al., 2015; Luo et al., 2013) and this land 
use class code was not easily derived. 

Default land use parameter values are used 
in SWAT-NZ, apart from some values given 
in Me (2017; her Table 2.2). The parameters 
for FRSE (PINE) are modified and a new 
land use class AFOR created, which reflects 
90% biomass removal by afforestation. In 
practice, much depends on acquiring detailed 
land use information about the catchment of 
interest.

In New Zealand, there is no statutory 
requirement for land use information (e.g., 
cropping, sheep and beef, dairy, and the 
like) to be collected and the New Zealand 
Privacy Act 1993 prevents these data from 
being publicly available. Hence, voluntary 
land use databases such as AgriBase® are 
available at a cost. In contrast, extensive 
cropping and land management databases 
are available in the United States and 
Europe and are used for SWAT modelling. 
Transport infrastructure databases are also 
not available in New Zealand, and some 
data have been obtained from councils to 
be used for GLEAMS sediment modelling 
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LCDB 
class code LCDB class name SWAT land use 

class code

SWAT 
land use 

code

SWAT 
crop code SWAT class name

1 Built-up Area (settlement) URML 21 Urban Medium Density (Urban 
High Density, Urban Commercial)

2 Urban Parkland/Open Space FESC --- 38 Tall Fescue

5 Transport infrastructure UTRN 26 26 Urban Transportation
6 Surface Mine or dump SWRN 33 17 Quarries/Mines
10 Sand or Gravel BARR --- 118 Inland Bare Ground
12 Landslide BARR --- 118 Inland Bare Ground
13 Permanent Snow and Ice WATR 11 18 Water
14 Snow WATR Water
15 Alpine Grass/Herbfield RNGE 71 15 Range Grasses
16 Gravel or Rock SWRN 33 17 Bare Rock
20 Lake or Pond WATR 11 18 Water
21 River WATR 11 18 Water
22 Estuarine Open Water WATR 11 18 Water
30 Short-rotation Cropland AGRL 85 1 Agricultural Land-Generic
33 Orchards, Vineyards or Other 

Perennial Crops
ORCD 61 4 Orchards/Vineyards

40 High Producing Exotic 
Grassland

PAST 81 12 Pasture/Hay

41 Low Producing Grassland PAST 81 12 Pasture/Hay
43 Tall Tussock Grassland PAST 81 12 Pasture/Hay
44 Depleted Grassland RNGE 71 15 Grasslands/Herbaceous
45 Herbaceous Freshwater 

Vegetation
WETN 92 11 Emergent/Herbaceous Wetlands

46 Herbaceous Saline Vegetation WETN 92 11 Emergent/Herbaceous Wetlands
47 Flaxland FLAX --- 65
50 Fernland RNGB 51 16 Range Shrubland
51 Gorse and/or Broom RNGB 51 16 Range Shrubland
52 Manuka and/or Kanuka RNGB 51 16 Range Shrubland
54 Broadleaved Indigenous 

Hardwoods
FRSE 41 7 Use values for Pine 

55 Sub Alpine Shrubland RNGB 51 16 Range Shrubland
56 Mixed Exotic Shrubland RNGB 51 16 Range Shrubland
58 Matagouri or Grey Scrub RNGB 51 16 Range Shrubland
64 Forest - Harvested FRSE

(PINE)
42 8 Evergreen Forest

(90% biomass harvested)
68 Deciduous hardwoods FRSD 41 7 Deciduous Forest
69 Indigenous Forest FRSE 41 7 Use values for Pine 
70 Mangrove WETF 91 10 Forested Wetlands
71 Exotic Forest FRSE

(PINE)
42 8

94
Evergreen Forest

80 Peat Shrubland (Chatham Is) RNGB -- -- --
81 Dune Shrubland (Chatham Is) RNGB -- -- --

Table 2 – LCDB class codes and names, and SWAT classes assigned and names
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studies in urban areas (e.g., Parshotam, 2008; 
Parshotam et al., 2009). A land use mapping 
review with the objective of combining 
FarmsOnLine, AgriBase, cadastral parcels 
from Land Information New Zealand, and 
Statistics NZ’s Agricultural Production 
Survey data was carried out by Ausseil et al. 
(2015) to support the development of an 
enhanced national water quality monitoring 
and reporting framework. 

In the LCDB, ‘sand or gravel’ areas (which 
typically correspond to sandy seashores and 
the margins of lagoons and estuaries, lakes 
and rivers), match valid soil-type polygons in 
the Fundamental Soils Layer (FSL) in a some 
areas. Within SWAT, one cannot ignore the 
soils data in these areas. Another difficulty is 
faced in dealing with ‘river’ polygons in the 
FSL and LCDB, which do not always line 
up and cause overlaying issues within SWAT. 
The river polygons are delineated in LCDB 
from satellite imagery and can be much 
‘wider’ than the polygons delineated in the 
FSL, which are delineated from ground data. 
One way to overcome this is to treat all river 
polygons in the FSL and the like as ‘water’. 
Areas with land use WATR in SWAT+ can be 
used to form ponds or reservoirs if the user 
marks a pond or reservoir or sets a threshold 
for when WATR becomes a reservoir.

International land use classification systems 
and codes
In practice, knowing the relationship 
between the Anderson et al. (1976) and 
SWAT land use classifications as used in 
the United States may be quite useful when 
reclassifying land uses in New Zealand. The 
SWAT land use classification codes are well 
matched with the United States NLCD 
land use classification system. In contrast, 
codes in the New Zealand LCDB are the 
result of a historic numbering system and 
from a practical perspective are not as well 
grouped according to similar land uses as, for 
example, the original Anderson et al. (1976) 

categorical levels of land classification system 
(e.g., all members belonging to the family 
of wetlands have two digits and begin with 
the number six). For convenience, a working 
coding system was developed in SWAT-
NZ to make it easier to deal with classes of 
land use/covers with similar sets of land use 
parameter values. Rutledge et al. (2009) 
reviewed land use classification systems used 
in selected countries (i.e., Australia, Spain, 
United Kingdom and the United States) and 
recommended adoption of a new hierarchical 
classification system for use in New Zealand. 
The two global land use maps (UCSG 
and GlobCover) are supported by SWAT 
cropping and lookup tables (Abbaspour  
et al., 2019).

Soils
Pre-processing soils data for SWAT from 
available national datasets is the most 
laborious and time-consuming task 
when setting up model inputs for SWAT.  
Many countries have publicly available  
pre-processed soils data from their respective 
national soils databases for use in SWAT, 
and this process has also been automated. 
Developing a SWAT soil dataset for New 
Zealand requires reviewing freely available 
soil survey area (spatial) and tabular 
datasets developed internationally and 
relating these to New Zealand soils data-
sets: New Zealand Fundamental Soils Layer 
(NZ-FSL, or FSL), National Soils Database 
(NSD), and S-map. SWAT requires spatial 
and profile soil data from soil survey 
information. The spatial information 
required is soil survey polygons and their 
names/identification codes. Attributes 
from soil profile data required include soil 
texture, bulk density, hydrological groups, 
available water capacity, saturated hydraulic 
conductivity, erodibility factors, carbon  
and soil albedo (for evapo transpiration). 
There are additional soil inputs that are 
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optional and only important for some  
soils. 

Pre-processing soils data for SWAT from 
national datasets
A SWAT soil dataset for New Zealand was 
developed by Parshotam (2018a; 2018g) 
by joining point profile data from the 
NSD and FSL spatial polygons. Important 
parameters not reported (e.g., hydrologic 
soils groups, erodibility factor and saturated 
hydraulic conductivity) were calculated from 
information contained within the NSD. 
Missing data filled using regression equations 
derived at various horizons from data in the 
NSD were identified by colour coding. 

There are general similarities between 
national soil databases from many countries. 
Generally, data are often summarised 
from soil survey information and regularly 
updated for the scientific community to use. 
Although individual countries may have 
several soil databases that differ in detail 
and resolution, there are synergies within a 
country’s soil databases to allow hybrid soil 
maps to be created in order to cover large 
areas. In the absence of country databases, 
the Food and Agriculture Organization of 
the United Nations (FAO) soils database has 
been used and datasets made available. Soils 
information from international databases 
are available from the FAO soil portal. 
This gives 1228 soil and land legacy maps 
from 80 countries, but New Zealand is not 
represented. The Harmonized World Soil 
Database is a 30 arc-second raster database 
with over 15 000 soil mapping units that 
combines existing regional and national 
updates of soil information worldwide and is 
used in some countries for SWAT modelling. 
Legacy datasets (ground survey polygons and 
measurement data) are always prioritised and 
kept identifiable.  

Some knowledge of soil datasets developed 
overseas, particularly in the United States, is 
key to pre-processing New Zealand soils data 

for SWAT, and/or developing workable New 
Zealand ‘hybrid’ soil maps for the foreseeable 
future. SWAT uses Soil Survey Geographic 
Database (SSURGO) and Digital General 
Soil Map of the United States (STATSGO2) 
as the default dataset for soil information. 
There is compatibility between the two 
datasets and hybrid maps may be easily 
created. These soils databases utilise the 
United States Hydrologic Units Code and the 
input requirements of process-based models. 
Spatial differences between the two databases 
for small areas or stream reach watersheds 
have been shown to be substantial. The 
variation of detail in the spatial segmentation 
has a significant effect within non-point 
source pollution models, particularly on 
erosion, transport capacity, and sediment 
yield results (Geza and McCray, 2008). 

Potential New Zealand soils datasets for SWAT
The pre-1992 New Zealand National Soil 
Database (NSD) was developed by the 
New Zealand Soil Bureau. The NSD is not 
complete but is a finished product. There is 
a wealth of soil profile data for over 1500 
soils in New Zealand and it is comparable 
in its structure and number of soil attributes 
included to the most extensive, widely used 
and freely available soils databases in the 
world. It is available to some researchers 
and is not widely publicised. In comparison 
to similar queryable soils databases around 
the world, there have been relatively few 
publications that actually make use of 
it. Parshotam et al. (1995) first utilised 
the NSD in a process-based model for a 
national assessment of soil carbon changes 
by grouping soil attributes using cluster 
analysis. All the point profile data needed 
for SWAT modelling is in the NSD, but the 
issue is with obtaining the corresponding 
spatial dataset. Currently, a very limited 
dataset (e.g., no bulk density information 
and only in factsheet format) from the NSD 
is given in the National Soils Data Repository 



135

(NSDR) and is freely accessible to the public 
without needing special authorisation. The 
new NSDR system hosts the original NSD 
including a growing number of ‘legacy’ 
and more recent soil datasets. There is a 
dataset of approximately 70 soil hydraulic 
conductivity measurements held by Landcare 
Research collected since 1992. Note that soil 
hydraulic conductivity was not included in 
the traditional NSD dataset.  

The New Zealand Fundamental Soils Layer 
(FSL) is a soil map with national coverage 
which can be used for SWAT modelling and 
is freely available in the public domain. It 
is a pseudo soil map and originates from an 
‘expert derived’ join of attributes measured 
in the NSD and polygons of the NZLRI 
using the New Zealand Soil Classification 
to join it to the NSD. The join process is 
undocumented. Only 200 soils from the NSD 
were used in the join and this number may be 
derived by identifying the number of unique 
rows with selected attributes. This shows that 
much good data from the NSD has not been 
used (Parshotam, 2018a, 2018g) and this is 
an artefact of using the New Zealand Soil 
Classification, which groups soils from New 
Zealand Soil Bureau symbols for the join. It 
is likely that all soil point datasets in the NSD 
may be utilised if soil point data were joined 
by Soil Bureau symbol (from the correlation 
set in the NSD) to digitised soil survey maps 
from the time. This means that one cannot 
perform a one-to-one join of the tabular 
NSD with spatial data as it is usually done in 
practice, internationally. It is probably very 
likely that a one-to-one join of the tabular 
NSD could be made if all legacy soil maps 
were digitised and available. The resulting 
datasets could be used to create SWAT model 
datasets giving complete national coverage, 
albeit a ‘dated’ map. However, the extent 
to which New Zealand’s legacy soil maps 
have been digitised, and so could be joined 
to complete a national coverage, is unclear 
to the author. It would be useful if data in 

the NZLRI or elsewhere (e.g., S-map) were 
identified as originating from raw legacy soil 
survey data.  

The polygons in the FSL and the NZLRI 
and are in the most part equivalent, except 
for only a handful (< 5) of polygons. The 
NZLRI maps an inventory of five physical 
factors (rock type, soil, slope, present type 
and severity of erosion, and vegetation) 
with a ‘homogeneous unit area’ recording 
the five physical factors simultaneously to a 
level of detail appropriate for presentation 
at a scale of 1:50 000. The NZLRI was not 
developed using soil profile data to delineate 
soil spatial polygons and is supplemented 
by some soil survey data. The FSL contains 
spatial information for 16 key attributes 
(slope, potential rooting depth, topsoil 
gravel content, proportion of rock outcrop, 
pH, salinity, cation exchange capacity, total 
carbon, phosphorus retention, flood interval, 
soil temperature, total profile available water, 
profile readily available water, drainage, and 
shallow and deep macropores); some of 
these attributes were carried over from the 
LRI. The attributes in the FSL were selected 
by consultation with stakeholders at the 
time and do not include the requirements 
of process-based models, generally, which 
are more useful today. Fundamental soil 
attributes such as bulk density are not given, 
nor is any soil profile information, and it is 
likely that the ‘process’ of joining spatial and 
tabular datasets and including the storage 
of data in an organised manner would have 
assisted tremendously. The Gisborne area 
does not utilise Soil Bureau symbols, a carry-
over of the NZLRI, and so as it is the FSL 
does not have full national coverage and 
cannot be considered in its entirety, nor for 
consistency. 

S-map, the digital soil map that supersedes 
the FSL, may be used in SWAT but there are 
caveats. S-map polygons need to be purchased; 
they are not freely available and there are 
licensing restrictions to what S-map data 
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can be used for commercial purposes. S-map 
is a hybrid design that incorporates both 
traditional soil survey techniques and data 
and newer digital soil mapping techniques 
and information, at a 1:50 000 scale. There 
is no simple compatibility between S-map 
and the FSL to enable FSL data to be used 
in areas where S-map data are not available 
and to create a hybrid model for large-area 
SWAT modelling. S-map currently covers a 
third of New Zealand and is being expanded 
to cover regions with vulnerable soils. Many 
of the soil attributes data required by SWAT 
are not available in S-map and it has been 
streamlined to support the OVERSEER 
model used for regulatory purposes. A lot of 
data are given as a range (e.g., 0–40% stones, 
0–20% clay) and representative of an area 
rather than derived from than a (statistically) 
representative sample. There is no system for 
determining what was modelled or ‘filled’ 
data using pedo-transfer functions and/
or measurement data and pedo-transfer 
functions used are not disclosed. S-map fact 
sheets are useful for cross-checking hydrologic 
groups in SWAT modelling although it is not 
clear how hydrological groups are derived in 
S-map. There has been original work done on 
deriving empirical pedo-transfer functions for 
estimating hydraulic properties (McNeill et 
al., 2018), but these do not consider hydraulic 
conductivity (which is required in SWAT). 
Some of these pedo-transfer functions have 
been used in a revised S-map (S-map hydro), 
but these are proprietary, so pedo-transfer 
functions from the international SWAT 
literature need to be used instead. 

Pre-processing soil data for SWAT for  
New Zealand
A methodology for pre-processing soil 
data for SWAT is given in Parshotam 
(2018g). However, it is a ‘workaround’ and 
produces another pseudo soil map using 
FSL polygons. Although not ideal, there 
are more up-to-date procedures to delineate 

NZLRI-similar polygons using: (1) data on 
geology, topography, vegetation and climate, 
which are assembled and related to satellite 
images where detailed soil survey maps are 
not available, and (2) spatial interpolation 
of measured soil attributes to produce a 
continuous representation of soil. These 
datasets may be joined and converted to 
SWAT format (Ziadat et al., 2015). 

The following approach could be useful 
to improve the use and integration of soil 
datasets, giving complete national coverage 
for New Zealand: 
1) Where there are no legacy data or soil 

survey data available, use spatial polygons 
from satellite imagery such as those used 
in the NZLRI, and regularly update this 
with new survey data or digitised old 
survey data; 

2) Have a separate, more detailed soil map, 
such as S-map or other, which is regularly 
updated; 

3) Ensure that there is some compatibility 
between spatial datasets so that they 
may be joined to the NSD (or another 
dataset) with a one-to-one relationship, 
using as much tabular point soil profile 
data as possible; 

4) Identify all sources of data including the 
methodology used; and 

5) Ensure that all data are freely available for 
public use. 

Slope
There is no systematic way of choosing 
slope classes given in the SWAT modelling 
literature. The real issue is the portion of the 
data the model output is sensitive to. SWAT 
accepts single or multiple (up to five) slope 
classes and produces a raster-based, multiple 
slope classification map. Adding more slope 
classes increases the computation time taken 
to create HRUs and running time. These 
classes are chosen arbitrarily but they can 
involve examining the spread of slope data in 
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Slope angle 
(degrees)

NZLRI slope class 
description

Slope class descriptions 
from Webb and Wilson 

(1995)
Class identifier

0-3° Flat to gentle undulating Level to very gently sloping 1

3-7° Undulating Gently sloping 2

8-11° Rolling Moderately sloping 3

12-15° Rolling Moderately sloping to 
strongly sloping

3

16-20° Strongly rolling Strongly sloping 3

20-25° Moderately steep Moderately steep 4

26-35° Steep Steep 4

> 35° Very steep Very steep 5

Table 3 – Slope classes used in SWAT-NZ

a catchment, within GIS software, or from 
the topography summary tables produced 
by SWAT. In choosing slope classes, the 
effects of slope may need to be identified and 
analysed. Slope classes chosen depend on the 
topography being modelled; for example, a 
mountainous area, as modelled by Yacoub 
and Foguet (2013) to study the slope effects 
on SWAT modelling, would have a range 
of slope classes quite different from classes 
chosen for flatter land. 

For an application of a SWAT model 
covering the whole of New Zealand, broad-
brush assumptions need to be made and 
modified compared with modelling a smaller 
area. The classes in Table 3 developed 
from Newsome et al. (2008), derived by 
delineating physiographic areas of relatively 
homogeneous average slope classes as used in 
the NZLRI, were adopted in SWAT-NZ, with 
the Webb and Wilson (1995) descriptions for 
these classes found to be more useful. Ideally, 
different regions in New Zealand would have 
different SWAT slope class ranges. 

Climate
SWAT requires daily temperatures (minimum 
and maximum), precipitation, wind speed, 
relative humidity and solar radiation data. 

Sub-daily precipitation data are required if 
the Green and Ampt infiltration method is 
being used. SWAT is reported to be reliable 
in simulating flash floods at hourly steps 
(Boithias et al., 2017). 

Many countries have publicly available 
processed climate data in a state readily 
usable by SWAT. In New Zealand, climate 
station data suitable for SWAT use may be 
obtained from the New Zealand National 
Climate Database, through CliFlo, the web 
system. Downloading many stations or the 
full database (from 600 stations that are 
currently operating) station-by-station is not 
practicable via this portal, but is possible via 
an alternative portal and direct approach to 
the database custodian (NIWA). Even with 
the raw data secured, before use in SWAT pre-
processing is typically required; for example, 
to fill gaps, allow for some stations having 
moved slightly, equipment changes over 
time, and so on. The difficulty in accessing 
climate station data across New Zealand for 
pre-processing and use in SWAT-NZ was 
reported by Parshotam (2019). 

In lieu of original station data, one may use 
spatially interpolated station data purchased 
from the NIWA Virtual Climate Station 
Network (VCSN) through the NIWA data 
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service. This virtual data has been, and 
continues to be, interpolated on a daily 
basis to 11000 ‘virtual’ stations on a regular 
~5 km nationwide grid using historical 
and current data from monitoring stations 
around New Zealand (the number of stations 
varies with the climate parameter and time). 
The interpolation uses a spline algorithm 
(Hutchinson, 2012).

An alternative is to use the freely available 
gridded Global Weather data for SWAT, used 
widely in the SWAT community and derived 
from Climate Forecast System Reanalysis 
(CFSR) meteorological reanalysis data. It is a 
default database that can be downloaded into 
SWAT, requiring no time to pre-process, and 
is used in many countries where climate data 
is scarce. CFSR meteorological reanalysis 
data provides a valid alternative to VCSN 
data but it needs extensive ‘quality control’. 
CFSR data (precipitation, wind, relative 
humidity and solar) for a given location and 
time period are available as pre-processed 
daily data for the SWAT model and cover a 
36-year period from 1979 through to mid-
2014. The production of CFSR data involves 
various spatial and temporal interpolations 
(on long-term average annual rainfall, 
other nearby conventional observations, 
and satellite products). The CFSR weather 
data are produced using cutting-edge 
data assimilation techniques (including 
conventional surface meteorological gauge 
observations, upper air balloon observations, 
aircraft observations, ships, drifting buoys 
and satellite observations) as well as highly 
advanced (and coupled) atmospheric, 
oceanic and surface-modelling components 
at ~38 km resolution. There are 619 ‘stations’ 
available across New Zealand with long-
term data. The observed data used to create 
this database for New Zealand are from 40 
surface synoptic stations supplied by the New 
Zealand MetService to the global modelling 
centres via the World Meteorological 
Organization Global Telecommunication 

System. Note, however, that many of these 
stations are at airports, which are usually 
located in lower lying areas. Use of CFSR 
data for hydrological modelling using SWAT 
has been evaluated by Dile and Srinivasan 
(2014) and using CFSR as weather input 
data for SWAT-adapted models is discussed 
by Fuka et al. (2013). The adequacy of 
daily CFSR data for large-scale sediment 
modelling in New Zealand needs evaluation, 
however, given the small size of New Zealand 
catchments and the flashiness of runoff, 
which requires approximately hourly data. 

Computer file names of individual grid 
stations in the Global Weather Data for 
SWAT are derived from its station location 
unique identifiers (latitude and longitude 
data). A full database for New Zealand for 
performing basic queries may be created by 
‘joining’ relevant data files. This database 
can be used for performing basic queries for 
and across New Zealand catchments. The 
downloaded CFSR data file names are based 
on a convenient identification system and a 
visual selection process. From the file names 
one can easily determine the nearest station 
of interest. However, CFSR data are not 
seamless and may still have some missing data 
(Parshotam, 2019). An update to the New 
Zealand National Climate Database to a full 
spatially referenced New Zealand Climate 
Database without row number restrictions 
would be extremely useful for performing 
simple primary analysis of data (e.g., regional 
trends) and developing improved rainfall 
surfaces using updated methodologies with 
recent interpolation methods reviewed by Hu 
et al. (2019).

CFSR data should be extensively quality 
checked before use in SWAT-NZ. Methods 
of initial spot quality checks against observed 
climate variables in New Zealand were 
initiated by Parshotam (2019). ‘Spot checks’ 
are regarded as the first step of quality 
control. A spot check of CFSR rainfall data 
against nearby local meteorological station 
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data in the Rotorua region, in the Eastern 
North Island climate zone, is used here 
as an example. Quantile–quantile plots 
show that the distributions of precipitation  
data from the two data sources (Fig. 3) are 
linearly related. 

The two gridded climate VCSN and 
CFSR models and the methodologies used to 
derive these need cross-checking. Tait et al. 
(2006, 2012) used a 1951–80 mean annual 
rainfall surface digitised from an ‘expert-
guided’ contour map to aid the spatial spline 
interpolation of daily rainfall data in New 
Zealand for the VCSN; i.e., (1) spatial but 
not temporal interpolations were used, and 
(2) mean annual rainfall surfaces, rather than 
elevation, was used as an independent variable 
in the interpolation of daily rainfall data. A 
caveat of the VSCN is that it includes step 
changes in the time series when stations have 
either been removed or added (this is noticed 
particularly in water balance modelling); also, 
the VCSN is reported as being less accurate 
at high altitudes. SWAT has the capability to 
add data from new stations including VCSN-
sourced virtual datasets.

Figure 3 – Probability (quantile–quantile) plot 
of CliFlo_1770 (station number 1770) and 
CFSR-3791763 (station number 3791763) 
precipitation data during the same time  
period (1/1/1982 to mid-2014) (from 
Parshotam, 2019).

By default, precipitation input data in 
SWAT are processed by a nearest neighbour-
based method, in which each subcatchment is 
assigned data from the nearest stations. This 
is a rather simple method where the distance 
from the station to a certain subcatchment 
is calculated based on the location of its 
centroid, so the SWAT modelling system 
may be used to create climate surfaces from 
point data. Szcześniak and Piniewski (2015) 
tested this default SWAT method against 
other interpolation methods and showed 
that other methods outperformed the SWAT 
default method and test statistics were shown 
to be catchment specific. 

There is an option to use the weather 
generator algorithm within SWAT, if there 
are no climate stations with measurement 
data in the modelled location or for filling 
data gaps. Methods for deriving weather 
generators giving New Zealand coverage are 
given by Parshotam (2019).

Modelling erosion processes in 
New Zealand
An issue with using the SWAT model for 
sediment applications in New Zealand is 
its inability to realistically simulate mass-
failure erosion processes that typify much 
of New Zealand’s landscape (Dymond et al., 
2016), including how such processes might 
be better handled at the event scale. This is 
because SWAT, in its generic form, simply 
used the MUSLE to generate sediment. 
Certainly, several international studies have 
indicated unsatisfactory sediment simulation 
by SWAT in mountainous regions. Chang 
et al. (2015) suggested, based on dynamic 
landslide inventories, that landslides should 
be considered in SWAT to simulate more 
accurate and reasonable sediment exports 
as a result of storm events. Lee et al. (2015) 
indicated that runoff and sediment yield 
will increase with an increase in storm event 
frequency under global warming. Lu and 
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Chiang (2019) used a soil loss equation 
(the Taiwan Universal Soil Loss Equation), 
specifically developed for Taiwan’s steep 
landscape and highly vulnerable geology, 
that included landslides to develop a Taiwan-
specific sediment and erosion model, SWAT-
Twn, for a small Taiwanese catchment. 
SWAT-CUP (SWAT Calibration Uncertainty 
Program) (Abbaspour, 2015) for model 
sensitivity analysis, calibration and validation 
was applied using a range of sediment 
transport functions. Lu and Chiang (2019) 
suggest that modellers who conduct sediment 
studies in mountainous watersheds with 
extreme rainfall conditions should adjust the 
MUSLE factors and carefully evaluate the 
sediment transportation equations in SWAT. 
All these factors should be considered when 
using SWAT to model sediment transport 
in steep terrain, high rainfall regions of New 
Zealand where there are mass-failure erosion 
processes, and at the event scale. However, 
there needs to be more case studies using 
SWAT, with appropriate enhancements, 
on a wide range of catchments and erosion 
processes, before it can be determined to be 
realistic and reliable.

Discussion
It is a non-trivial exercise to compile and pre-
process data inputs for SWAT applications 
in New Zealand. The process requires full 
consideration of input data (DEM, soils, land 
use, slopes, climate) from various institutes 
and organisations following international 
approaches. In many countries, there is 
sharing, openness and transparency of 
information, which includes legacy data that 
goes back decades and is regularly updated. 
Two primary issues identified in this study 
are (1) limitations concerning integration 
of datasets held by various organisations 
in New Zealand, and (2) open-source and 
transparency of models, data and code. With 
those issues resolved, there is potentially wide 

application of SWAT models, implemented 
in a framework envisaged during the 
development of SWAT-NZ. 

SWAT was developed as part of a major 
component of the HUMAS/SWAT National 
Water Quality Modelling System of the 
United States (Srinivasan et al., 1998; Arnold 
et al., 2010). The significance of the project 
was the early use of national-level GIS 
datasets (soils, land use, topography, gridded 
climate) for environmental assessment, 
and its well-integrated components. The 
HUMUS/SWAT project began in 1992–96, 
is continuing today, and reflects progressive 
changes and development. The major 
components of this system are:  
1) A catchment-scale Soil and Water 

Assessment Tool (SWAT) to model the 
surface and sub-surface water quality and 
quantity; 

2) A Geographic Information System (GIS) 
to collect, manage, analyse and display 
the spatial and temporal inputs and 
outputs; and 

3) Relational databases needed to manage 
the non-spatial (climate, crop and 
management properties) data and drive 
the models. 

Using the HUMUS/SWAT system, 
Arnold et al. (1999) were able to simulate 
flows for the entire United States for river 
discharges at around 6000 gauging stations. 
Large-area SWAT modelling has also been 
used in numerous other countries listed 
by Abbaspour et al. (2015), including the 
entire European continent. The SWAT 
model framework could prove to be useful 
for organising water quality data, currently 
held by numerous organisations in New 
Zealand in sometimes varying formats, with 
a view to model calibration and validation 
of SWAT models from multiple stations 
simultaneously using SWAT-CUP and 
its wide range of calibration tools. Data 
sources in New Zealand may include the 
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National River Water Quality Network (from 
1989), Land, Air, Water Aotearoa (LAWA), 
Lake Ecosystem Restoration New Zealand 
database, and data from regional councils 
and unitary bodies. Note that Arnold et al. 
(2012) advised that streamflow, sediment, 
and nutrient transport needs to be calibrated 
sequentially (in that order) because of 
interdependencies between constituents due 
to shared transport processes. 

There is an increasing movement that 
software used in science should be open 
source to guarantee reproducibility, reliability, 
security and fast deployment (e.g., Hanson 
et al., 2011; Ince et al., 2012). In the case 
of SWAT, which is open source, Dile et al. 
(2016) portray the strong SWAT community 
philosophy as a powerful reason for SWAT’s 
success and argue that, apart from financial 
benefits, open-source code encourages 
collaboration and improves quality and 
thereby advances the science. They add the 
proviso that all methods used and models 
developed should be scientifically defensible 
and in the international peer-reviewed 
literature and software used should be open 
source with computer code readily available 
and modifiable if necessary. 

There are numerous immediate practical 
applications of SWAT in New Zealand that 
would be of interest, including:
1) Mapping SWAT output to field boundaries 

using the Field_SWAT tool (Pai et al., 
2012), or defining HRUs by property lines 
or field boundaries (Kalcic et al., 2015) 
and using these as management units;

2) Total maximum daily load development 
including calibration, validation, and 
uncertainty analysis to address issues 
of nutrient and sediment enrichment 
(reviewed by Ahmadisharaf et al., 2019); 

3) Simulating streamflow and sediment 
loading into lakes using SWAT+; and 

4) Surface–groundwater modelling (Yifru et 
al., 2020). 

Further applications would accrue by 
developing SWAT capabilities for event 
modelling which, given the small size of 
New Zealand catchments and the ‘flashiness’ 
of runoff, requires a modified, sub-hourly 
version of SWAT supported by sub-hourly 
data (Jeong et al., 2010), and for use in 
catchments that are vulnerable to erosion 
due to the combination of steep terrain, rock 
and soil types, and climate. It is of note that 
SWAT is recognised by the United States 
Environmental Protection Agency, and in 
the United States SWAT sediment modelling 
results are commonly incorporated into 
Integrated Catchment Management Plans or 
used in deriving total maximum daily loads 
to help form Best Management Practices.

With above applications in mind, the vision 
is that, once input data with national coverage 
is established in New Zealand, the SWAT 
model can be calibrated and validated for any 
catchment. The approach is not necessarily 
to calibrate and validate (a large-area) SWAT-
NZ model giving national coverage limited 
to the land and routing phase but to calibrate 
and validate a SWAT model in an organised 
way on a catchment-by-catchment basis 
within a region using respective regional land 
management actions and to build up a SWAT 
parameter input dataset for the wider region, 
which will ultimately, perhaps, give national 
coverage (e.g., very much like mapping soils). 
That way, too, one can get a better handle 
of physically meaningful parameters from 
around New Zealand. The vision is also that 
the SWAT-NZ model framework, including 
its compiled input data, is prepared for use 
by independent researchers/consultants, 
bottom-up modelling enthusiasts, and 
grassroots and community groups to get 
them started on remediation work for their 
respective catchment in line with changing 
political objectives, until better input data 
becomes available or is made available. 
They invariably all face similar issues with 
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choosing input datasets. The emphasis is on 
diversity and locality rather than regulation 
and control, while acknowledging that the 
latter may still be required. The framework 
allows individuals and/or catchment groups 
who may wish to use SWAT on a catchment-
by-catchment basis to refine their data inputs 
when data become available, calibrate their 
model for their respective catchment, and to 
share their models through platforms such as 
SWATShare (Rajib et al., 2016). 

Conclusion
The SWAT model is widely used inter-
nationally and has a lot of potential uses in 
New Zealand. Its root models have been 
used in New Zealand for decades for large-
scale sediment modelling. However, it may 
not be appropriate to apply SWAT nationally 
without modifying it to consider sediment 
transport in steep terrain, high rainfall regions 
that typify much of New Zealand’s landscape. 
There needs to be more case studies using 
SWAT on a wide range of catchments before 
it can be determined to be promising.

Compiling all input data required by 
SWAT to model runoff and erosion processes 
with national coverage is a non-trivial exercise, 
requiring knowledge of DEMs, digital stream 
networks, soils, land use, topography and 
climate data. These data are held by various 
organisations and science institutes in New 
Zealand but database suitability and access 
for SWAT use is often less than ideal. Key 
challenges in compiling these input datasets 
include sourcing/processing GIS data on 
stream networks, slope, soils and land use 
representing relevant erosion processes. Freely 
available CFSR climate data in SWAT format 
for New Zealand were evaluated and shown 
to be good for immediate use but further 
quality testing of the data is recommended. 

SWAT model uptake in New Zealand will 
be facilitated by open-source model code and 
open access to databases containing SWAT 
input and validation data. 
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